HK022, a temperate coliphage related to A, forms lysogens by inserting its DNA into the bacterial chromosome through site-specific recombination. The Escherichia coli Fis and phage Xis proteins promote excision of HK022 DNA from the bacterial chromosome. These two proteins also act during lysogenization to prevent a prophage rearrangement: lysogens formed in the absence of either Fis or Xis frequently carried a prophage that had suffered a site-specific internal DNA inversion. The inversion is a product of recombination between the phage attachment site and a secondary attachment site located within the HK022 left operon. In the absence of both Fis and Xis, the majority of lysogens carried a prophage with an inversion. Inversion occurs during lysogenization at about the same time as prophage insertion but is rare during lytic phage growth.
they carried an inverted prophage. The usual requirement for prophage excision was bypassed in these lysogens because they carried two or more prophages inserted in tandem at the bacterial attachment site; in such lysogens, viable phage particles can be formed by in situ packaging of unexcised chromosomes.
HK022 is a temperate coliphage of the X family (11, 13) . Like its relatives, it forms lysogens by inserting a circular form of its chromosome into the chromosome of its host. Insertion is catalyzed by the phage integrase protein and occurs by breakage and joining of DNA strands within the phage and bacterial attachment sites, attP and attB, respectively (28, 43) . Integrase and attP of HK022 have a family resemblance to their X counterparts, but the integrase of one phage does not recombine the attachment sites of the other. Excision of an inserted HK022 prophage requires an additional phage-encoded protein, Xis, which is nearly identical in sequence and completely interchangeable in function with its X homolog (43) . A host-encoded protein, Fis, stimulates X prophage excision (5, 41 ) but has not been tested for HK022.
To pursue our characterization of the site-specific recombination pathway of HK022, we examined the effect of mutations in fis and xis on the structure and number of prophages in lysogens, on the kinetics of prophage excision, and on the amount of phage produced after lysogenic induction. Our results disclose both similarities to and differences from the X paradigm.
MATERIALS AND METHODS
Strains and bacterial and phage growth. The bacteria, phages, and plasmids used in this work are listed in Table 1 . LB and TB broth and agar media (24) , supplemented with 50 ,ug of ampicillin per ml when necessary, were used to propagate bacteria. Derivatives of HK022 were grown under conditions developed for X (4) . HK022 lysogens were isolated from turbid plaque centers. HK022 cItsl2 lysogens were induced by shifting growing cultures from 32°C to 41°C. * Probes and hybridization. The DNAs to be probed were digested, fractionated by electrophoresis on 1% agarose gels, transferred to GeneScreen Plus membranes (NEN Research Products), and hybridized to radioactive probes as described previously (37) . The probes were DNA restriction fragments isolated from low-melting-point agarose gels (Bethesda Research Laboratories) and labeled by randomprimed synthesis in the presence of [oa-32P]dCTP. The probe containing attP was a PstI-SnaBI fragment isolated from pEY108 and has approximately 380 bp of att sequence to the left and 760 bp to the right of the crossover point. The probe containing attR was a PstI-EcoRI fragment isolated from pSD2 and has approximately 390 bp of att sequence to the left and 500 bp to the right of the crossover point. The probe containing attB was an EcoRI-HindIII fragment isolated from pSD5 and has approximately 780 bp of att sequence to the left and 500 bp to the right of the crossover point. The probe containing attL was a BglII-HindIII fragment from pNR199 and has about 1 kbp of att sequence to the left and 700 bp to the right of the crossover point. After hybridization, the membranes were autoradiographed and quantitated on an Ambis Radioanalytic Imaging System with the software provided by the manufacturer. The bands corresponding to the different att sites were identified by hybridization with the different probes described above and by Southern analysis of purified phage DNA (for attP).
Other DNA manipulations. Total genomic DNAs from 1-ml overnight cultures of the lysogens were isolated by sodium dodecyl sulfate lysis, proteinase K treatment, phenol-chloroform extraction, and ethanol precipitation as described by Silhavy et al. (36) . Small-scale preparation of phage DNA was as described by Oberto et al. (32) .
For sequencing with AmpliTaq DNA polymerase, we followed the protocol described previously (3) (5, 16) , and we showed previously that Xis is required for curing of HK022 lysogens and therefore promotes HK022 excisive recombination (43) . We determined the effect of Fis by measuring the kinetics of appearance of attB after thermal induction offis+ andfis mutant HK022 cIts lysogens. attB, which is a product of excisive recombination between the prophage attachment sites attL and attR (Fig. 1A) , was detected by Southern hybridization of lysogen DNA to a radioactive attR probe, which hybridizes to fragments containing attB, attP, and attR. attB was not detectable in lysogens before induction, as expected, but appeared and accumulated with time (Fig.  2) . The presence of an attP-containing fragment before induction of the fis+ and fis mutant lysogens indicates that both carry multiple, tandem copies of the prophage ( Fig. 1B ; see below). Quantitation of the radioactivity (see Materials and Methods) showed that Fis increased the amount of attB relative to that of attR and attP by about 30-fold by 100 min after the temperature shift. Most or all of this increase may represent a direct effect of Fis on excisive recombination (see Discussion). However, Fis also stimulated replication of the unexcised prophage about two-to threefold, as judged by the level of attR after induction, and this may also contribute to the absolute level of attB in the fisk host. We assume that replication of the prophage and adjoining bacterial DNA before excision explains the observation that the level of attB late after induction of the fis+ lysogen is greater than the level of one copy per cell found in a nonlysogen (Fig. 2 Since the lacZ gene is downstream of both of the promoters that transcribe this region (pL andpAn, [32, 43] ) and carries its own translation initiation signals, it should report total transcription of both xis and int, which is the next downstream gene. The reason for delayed transcription of this region in HK022 is unknown and is currently under investigation. Recent experiments suggest that it is likely to be a consequence of delayed inactivation of the HK022 cItsl2 repressor relative to the X cIts857 repressor after thermoinduction of lysogens (9a). HD022 lysogens frequently carry multiple prophages. Prophage excision is required for efficient phage production in A lysogens that carry a single prophage, because an unexcised single prophage cannot be packaged into viable phage particles. Indeed, the absence of Xis decreases phage yield after induction of such lysogens by many orders of magnitude (16) . To see whether Xis and Fis are important for the production of phage by HK022 lysogens, we measured the phage yield after thermal induction of a number of independently isolatedfis,xis, andfisxis lysogens. We found that the mutations reduced phage yield to about 6 to 25% of the wild-type value (Table 2 ). This is a surprisingly modest reduction, since lysogens that carry a single A xis prophage produce less than 0.1% of wild-type phage yields, and we found that about half of the lysogens formed by infection with X clts xis mutants produce such low yields (data not shown). Previous work shows that high-yielding excisiondefective A lysogens carry multiple tandem copies of the prophage and that such lysogens produce phage by direct packaging of integrated prophage (15, 27, 44) . We therefore suggest that HK022 cIts usually forms lysogens containing tandem arrays of prophages.
To test this hypothesis, we analyzed the DNA of HK022 cIts lysogens by Southern blotting. The probe was a labelled phage fragment containing attP. Lysogens with a single prophage should yield two restriction fragments, one containing attL and the other containing attR, that hybridize with the probe. Lysogens with tandem prophages should yield a third hybridizing fragment that spans the segment between two adjacent prophages and contains attP (Fig. 1B) .
Thirty-one wild-type, ilfis, 16xis, and 13fisxis lysogens all contained three fragments of the sizes expected for attL, attR, and attP, and we conclude that they carry multiple tandem copies of HK022 (representative data are shown in Fig. 4) . Indeed, estimation of band intensities by densitometry suggests that most of the lysogens carry more than two prophages. All of these strains yielded abundant phage upon thermal induction. The origin of the extra attP-hybridizing fragments visible in Fig. 4 is addressed below.
We investigated the influence of the infecting phage genotype on the number of prophages in a lysogen. We found Site-specific inversion during lysogenization. Many fis, xis, and fis xis lysogens yielded two additional attP-hybridizing fragments with anomalous mobilities (Fig. 4, lanes 2, 4, 7 (Fig. 4) . The 
therefore labelled A'A in Fig. 6 . We have confirmed several critical predictions of this model.
(i) Provided that the inverted segment does not include the phage packaging site, phage particles whose chromosomes carry the inversion will be found in the lysate after induction. To test this prediction, we analyzed DNA from phage stocks prepared by thermal induction ofxis mutant lysogens carrying an inverted prophage. These DNAs yielded hybridizing fragments with mobilities characteristic of the original PA' and AP' bands (Fig. 7A) , and we conclude that the rearranged chromosomes are packaged into phage particles. The DNAs also yielded fragments with mobilities characteristic of the attP and attR bands of the original lysogens. Packaged attP sites originate from prophage that had not undergone an inversion, and packaged attR sites probably originate from unexcised prophage copies (see below).
Phage particles with rearranged chromosomes will be viable if the inversion has not disrupted an essential gene or unlinked it from its promoter. Indeed, lysates from rearranged lysogens carrying an xis mutant prophage contained two genetic types of viable phage that could be distinguished by plaque morphology. The first type formed plaques that were identical to those of the starting strain, and Southern analysis of pure lines derived from such phage disclosed only the parental attP fragment (Fig. 7B, lane 2) fragments characteristic of the putative inversion (lane 3). We did not isolate a viable phage line that carried the attR fragment found in the original lysate among 20 tested, and we suggest that attR is carried by an inviable phage that resembles X docR (22) . Lambda docR particles contain a segment of an unexcised prophage extending from the phage packaging site rightward into the bacterial chromosome. The particles are abundant in lysates of induced excision-defective A lysogens (38, 39) and might well be present in HK022 lysates in view of the delayed and incomplete excision of this phage.
(ii) The strongest prediction of the model is the presence of a secondary bacterial attachment site at one of the inversion endpoints and the presence of attP at the other. Restriction analysis of phage 0366 allowed us to locate one of the breakpoints of this DNA rearrangement within a 750-bp XmnI fragment situated several kilobase pairs to the right of attP, immediately downstream of the PL promoter, and therefore within the early left operon of the phage (9) . Analysis of the sequence of this region revealed a segment at the beginning of the nun gene that is identical to attB in 13 of 15 bp and is oriented in the direction opposite to that of attP (segment AA'; Fig. 8A ) (32) . The DNA sequences of both of the reciprocal novel joint regions from each of three independently isolated inversions prove that AA' contains one of the endpoints of the inversion and attP contains the other. Alignment of the parental and recombinant sites (Fig. 8A ) reveals that the inversion joint cannot be explained by double-strand exchange at a single internucleotide position but instead probably occurs through staggered single-strand exchanges at two different internucleotide positions, as in phage X (25) (see Discussion) (Fig. 8B) . According to this model, one of the exchanges has occurred between positions -3 and -2 and the other has occurred between positions -2 and +5, where attP and AA' share 6 bp of sequence identity. We found that each of the three independent reciprocal pairs of inversion joints had the same sequence. This can be accounted for in a simple way under the staggered singlestrand exchange model if we assume that each of the three invertants descended from a strand of the same polarity as B. The location of AA', which is in the phage left operon, explains the clear-plaque-forming phenotype of phage carrying the inversion. The HK022 clII gene, which is located in the left operon between AA' and attP and is required for formation of turbid plaques, is no longer transcribed from its normal promoter after inversion and may therefore be expressed subnormally. Indeed, inversion phage 0366 forms turbid plaques on a host carrying a plasmid with the cloned cIII gene (20) .
(iii) The inversion has several other predicted characteristics of an Int-promoted reaction. First, previous work with secondary attachment sites of phage A suggests that the inversion should be reversible in the presence of integrase and Xis protein (34, 35) . In fact, when we grew an xis phage carrying the inversion (strain 0366) for a single cycle in cells containing an Xis-producing plasmid (strain LD76) and analyzed the DNA of the progeny phage by PCR amplification, we found that more than 10% of the population had undergone reinversion to produce attP. When we assayed reinversion by scoring the plaque morphology (see above) of the progeny phage, we found 34% reinversion after growth at 32°C and 55% after growth at 41°C. Table 3 ). The left endpoint of the inverted segment was between positions -2 and -3 of attP, and the right endpoint was within AA', a sequence that is very similar to attB and is comparable to a X secondary attachment site (42) . For these and other reasons presented above, there can be little doubt that inversion is a product (in certain conditions, a major product) of integrase action. Indeed, the efficiency of this secondary site recombination in permissive conditions is quite unprecedented: in X, substitution of a single base pair at position -2 of attB depresses integrative recombination with a wild-type attP site more than 30-fold in vivo (7) and the base at the corresponding position is substituted in AA'.
Comparison of a pair of reciprocal inversion joints (Fig. 8 ) shows that they could not have been formed by exchange of both strands at the same intemucleotide position. The many similarities between HK022 and X site-specific recombinations (43) , which include the formation of a Holliday structure intermediate (19, 28, 30) , argue that HK022 recombination, like that of X, occurs by a pair of staggered single-strand exchanges. In X, one strand exchange is located between positions -3 and -2 and the other is located between positions +4 and +5 (25) . Our data suggest that the exchanges leading to HK022 prophage inversion occur between positions -3 and -2 on one strand and between positions -2 and +5 on the other (Fig. 8) . This mechanism leads to formation of a molecule that has a mismatched base pair at the -2 position. The proposed mismatch is transitory: it will be lost either by mismatch correction or replication of the recombinant sites (8) . All of the three independent pairs of reciprocal recombinants that we analyzed had identical recombinant joints. These recombinants may all have inherited a replica of the recombined DNA strand shown in Fig.  8B , or mismatch correction might have corrected the AA' base at position -2 in favor of the POP' base in each case.
The work presented here and previous work (43) show that Xis and Fis, in addition to suppressing aberrant recombination, have their conventional activity of promoting HK022 excisive recombination. Thus, the HK022 phenotypes of mutations in either of these two genes are similar. In X, Xis and Fis are believed to act by binding cooperatively to a specific region on the P arm of attP and inducing a DNA bend at that point (5, 29, 40, 41 (33) , and H2 binds integration host factor (10). The region indicated by the heavy bar binds Fis (41) . (B) Possible Xis and Fis binding sites in AA'. AA' is written in the 5'-to-3' orientation, but the strand is the complement of that shown in Fig. 8 . The region implicated in strand exchange (Fig. 8) is boxed. Symbols: *, AA' bases that are completely conserved in the actual or presumed Xis binding sites of X and HK022;
, a base that is conserved in three of the four sites; #, matches to a Fis binding consensus sequence (17) .
concentration of Xis is limiting. The strong Fis stimulation of HK022 prophage excision after lysogenic induction suggests that Xis is limiting in these conditions. We can think of several ways in which Xis and Fis could prevent inversion. First, Xis and Fis might prevent the accumulation of inverted prophages by promoting reinversion. Indeed, we have shown that reinversion is promoted by Xis and Fis, but so is prophage excision. Since inversion has only been detected during lysogenization, we would have to assume that inversion is more readily reversed than prophage insertion in the presence of Xis and Fis. This assumption has not been tested. Second, binding of the proteins to their sites in the left arm of attP might directly inhibit recombination between attP and the secondary site. It is known that Xis directly inhibits recombination between X auP and X attB (1, 6, 26) , and it is plausible that inhibition of integrative recombination at secondary sites might be even more severe. By contrast, Fis stimulates X integrative recombination in vivo (6) , and its effect on recombination involving secondary sites is unknown. Such studies have not yet been done for HK022. Finally, Xis and Fis might directly inhibit inversion by binding to the secondary site, which has some similarity to known Xis and Fis binding sites (Fig. lOB) . However, the sequence determinants for Fis binding are not well established (17, 29) .
Phage carrying the inversion appear to be less fit than wild-type phage because they are unable to express leftoperon genes and have an altered attP. Consequently, they are defective in lysogenization. The action of Xis and Fis in preventing this inversion and perhaps other aberrant sitespecific recombinations may thus be selectively advantageous for HK022. Presumably, lysogens of wild-type HK022 also need these two proteins to produce phage after lysogenic induction, but the thermoinducible mutant that is widely used in our laboratory bypasses this requirement by preferentially forming lysogens that carry multiple tandem prophages. This curious finding, which in fact led to the present study, is poorly understood, and we also do not know whether site-specific inversion requires the cIts mutation that causes thermoinducibility. We have looked for but failed to find a prophage rearrangement in X xis fis mutant lysogens. Either A attP is inherently less likely to recombine with secondary sites than is HK022 attP, or the sequence similarity between the HK022 secondary site and attB of HK022 is closer than that between any secondary site on the X chromosome and attB-X. The closest known parallel to the HK022 rearrangement is a site-specific inversion by recombination between attP and a secondary site of phage +80 (21) . In this case, the genes and sites were carried on a plasmid, and accumulation of significant levels of product required extended cultivation. The effect of inactivation of xis orfis was not examined.
